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Abstract
We experimentally investigate the bursting dynamics of confined liquid film suspended in air
and find a viscous dynamics distinctly different from the non-confined counterpart, due to lack of
circular symmetry in the shape of expanding hole: the novel confined-viscous bursting proceeds at
a constant speed and a rim formed at the bursting tip does not grow. We find a confined-viscous
to confined-inertial crossover, as well as a nonconfined-inertial to confined-inertial crossover, at
which bursting speed does not change although the circular symmetry in the hole shape breaks
dynamically.
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Introduction.— Bursting of liquid thin film is important in many fields and plays crucial
roles in many industrial processes: it is observed with polymer foams, in glass furnaces, and
during volcanic eruption. This phenomenon is familiar to everyone as the rupture of soap
films, i.e., liquid films suspended in air [1–4]. Different dynamics have been revealed for
bursting of fluid film surrounded by viscous liquid through studies on antibubbles [5, 6] and
emulsions etc. [7, 8] Dewetting, i.e., bursting of a film deposited on a substrate, is another
topic that has attracted much attention [9–11]. More practically, bursting is an important
tool for generation of droplets [3, 12–17] or emulsions [18] with controlled sizes because at
a later stage a liquid rim formed at the bursting tip destabilizes to break into droplets.
The size of droplets is a crucial factor in various fields such as environmental science [19]
or disease transfer [20] because contamination results often via droplets. Bubble bursting is
also important to bioreactor efficiency, because bursting is one of the causes of cell damage
[21–23].
Taking a closer look at the bursting of liquid film suspended in air, which is the base of
all the above mentioned issues, only two scaling regimes have been established, one is called
inertial regime and the other viscous (or viscoelastic) regime. For almost inviscid films such
as soap films or smectic films, the so-called inertial regime has been reported, in which a
film bursts at a constant velocity [1–4]. This velocity is known as the Taylor-Culick velocity
UC =
√
2γ/(ρh), which results from the balance between capillarity and inertia (γ, ρ and h
are the surface tension, density of the liquid, and the thickness of the film, respectively). In
contrast, for ultra viscous films of polymer solutions, the viscous regime has been reported,
in which bursting accelerates exponentially with time [24, 25]. The characteristic time for
the exponential dynamics is given by τv ∼ ηh/γ with η the viscosity of liquid. The physical
origin of the viscous regime has been a contentious issue. Some considered that the regime
is realized by elastic feature of entangled polymers and termed the regime “viscoelastic”
[24–26], while others showed that this regime can be reproduced in a purely viscous liquid
via numerical simulation and analytical theory [27–29].
While there still remains a controversy even for nonconfined three-dimensional (3D) burst-
ing, studies have been very limited for bursting of spatially confined films suspended in air
despite their fundamental importance. In fact, a recent study on liquid-drop coalescence
[8, 30] suggests the importance of the study of confined quasi two-dimentional (2D) bursting
in air, demonstrating distinct confinement effects on the dynamics. In addition, such a con-
fined dynamics should play fundamentally important roles in many practical applications
such as related to foams [31–33], given that any films in foam are inherently confined by
Plateau borders. Here, we study the dynamics of viscous film bursting in a confined geom-
etry of the Hele-Shaw cell. As a result, we show by clear agreement between theory and
experiment that bursting of the film sandwiched by the walls exhibits a remarkably different
viscous dynamics compared with the nonconfined case in 3D. In the nonconfined case, the
bursting accelerates with time without rim formation in the viscous regime (nonconfined-
viscous regime), and the bursting proceeds with a constant velocity with a growing rim in
the inertial regime (nonconfined-inertial regime). However, in the confined case in quasi 2D
using the Hele-Shaw geometry, films burst at a constant velocity with a rim of fixed size
in the viscous regime (confined-viscous regime). As for the confined-inertial dynamics, the
bursting proceeds with a constant velocity, which is equal to the nonconfined-inertial veloc-
ity. We remarkably confirmed directly the nonconfined-to-confined inertial crossover with
no change in bursting velocity when the circular symmetry of the shape of the expanding
hole is dynamically broken.
Results. (a) Experimental— We fabricate a Hele-Shaw cell from two acrylic plates sep-
arated by the distance D (Fig. 1(a)). The cell thickness D is adjusted by spacers, and is
directly measured using the laser distance sensor (ZS-HLDS5, Omron). We fill the cell with
silicon oil (η = 0.97 ∼ 48 Pa·s, ρ = 965 kg/m3, γ = 20 mN/m) and inject a bubble from the
bottom of the cell. The bubble slowly rises in the viscous oil up to the liquid-air interface
(Fig. 1(b)), stays there for a while, and suddenly bursts and disappears. The bursting is
recorded by a high speed camera (FASTCAM SA-X, Photoron) with a macro lens (AF-
S Micro NIKKOR 60mm f/2.8G ED, Nikon) or a microscope lens (PLN10× or PLN4×,
OLYMPUS). The point where bursting starts is not controlled and the point can be any
places (e.g. places near the edges) of the liquid film encapsulating the bubble. We wait till
the film bursts without any artificial trigger, which means that the thickness at the moment
of bursting is not controlled because the film of the bubble keeps thinning while the bubble
stays at the liquid-air interface [34]. Because of this, when the bursting starts shortly after
the bubble reaches the interface, the thickness of the bursting film is relatively thick. In
such a case, the bursting is found to be in a viscous regime (as shown in (b) below). On the
contrary, when the bursting starts after the film thickness becomes significantly thin, the
dynamics is found to be in the inertial regime as discussed in (c) below.
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(b) Bursting dynamics in the viscous regime— Figure 1(c) though (e) demonstrate ex-
perimental results on the dynamics of bursting tips in the viscous regime (see Supplemental
Material (SM) movie 1 [35]). Snapshots of a whole bubble and a magnified tip taken after
bursting starts from the left edge are shown in Fig. 1(c) and (d), respectively. It is demon-
strated by the three snapshots taken at a regular interval in Fig. 1(d) and by the relation
between the tip position r and elapsed time t given in Fig. 1(e) that the bursting velocity is
constant, while the velocity depends on the film thickness as shown in Fig. 1(e). Although
a rim exists at the tip, the rim does not grow as the bursting proceeds, as indicated in
Fig. 1(d) and verified in Sec. A of SM [36].
As shown in Fig. 2(a), we add particles (techpolymer MBX-20, SEKISUI PLASTICS)
into oil to see the flow inside the film (the number of the added particles are made small
to minimize the disturbance of the flow by them). The movement of particles implies that
the y and z components of the flow are practically zero (see movie 2 [35] and Sec. B of SM
[36]) and that the remaining x component is constant in the z direction (see Sec. C of SM
[36]). In addition, the length of the disturbed region L increases with D, which is justified
in the following manner. In Fig. 2(b), the x component v of flow velocity normalized by
bursting velocity V is given as a function of the distance from the tip x on the basis of the
particle-tracking analysis. As revealed in the inset of Fig. 2(b), the flow profile v exhibits
an exponential decay with x, from which we determine the decay length L (See Sec. D of
SM [36] for further details). Figure 2(c) shows that L increases with D.
As for the shape of a bursting tip, our analysis indicates that the radius of curvature at
the bursting tip R is determined by h. Figure 2(d) shows that R, which is determined by
fitting the shape of the rim to a parabolic function, as a function of the film thickness h for
different D and η. This indicates that R increases with h and is independent of D or η.
Theoretically, the observed bursting velocity can be explained by a global balance between
the surface and dissipative energies under an assumption consistent with Fig. 2(c). The
bursting is driven by decrease in surface energy of the film, which is dimensionally estimated
as d(γDr)/dt = γDV per unit time. The viscous dissipation is estimated as follows. As
discussed above, only nonnegligible component of the velocity vector is the x component
(∼ V ). The velocity gradient for this component inside the film develops in both x and
y directions and both gradients scale as V/D. Note that in the y direction, the film is
sandwiched by walls and thus the flow profile is a Poiseuille type with the velocity gradient
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V/D, and the velocity gradient in the x direction V/L scales as V/D under the assumption
L ∼ D, which is consistent with Fig. 2(c). The velocity gradient V/D originating from these
two origins is developed in a volume of the order of hDL with L ∼ D. Thus, the viscous
energy dissipation is described as η(V/D)2hD2. From the balance of the two energies,
γDV ∼ η(V/D)2hD2 , we obtain the bursting velocity V = Uη where
Uη = k
γ
η
D
h
(1)
with a numerical coefficient k to be determined experimentally. (See Sec. E of SM [36] for
another derivation of Eq. (1), which is consistent with Fig. 2(d).)
As shown in Fig. 3, Eq. (1) agrees well with experimental results. The results of mea-
surements of V as a function of h for various D and η are shown in Fig. 3(a). The same
data are replotted with both axes renormalized according to Eq. (1) in Fig. 3(b), in which
a clear collapse of the data is demonstrated with k in Eq. (1): k = 0.0350± 0.0005.
(c) Bursting dynamics in the inertial regime— As the Reynolds number Re increases, the
confined-viscous regime exhibits a crossover to the confined-inertial regime at Re ∼ 1 (Re
∼ 10−3 in Fig. 1 ∼ to 3). Here, Re is estimated as ρV D/η by considering the ratio of the
inertial force Fi = d(MV )/dt = ρDhV
2 (with the mass of a rim M = ρrDh) to the viscous
force Fv ∼ ηV hD
2/D2 (see Sec. F of SM for another derivation of the expression for Re,
which supports L ∼ D suggested in Fig. 2(c) [36]). Note that the bursting in the confined-
inertial regime is assumed to proceed at a constant speed (V = dr/dt) as experimentally
observed.
The bursting velocity Ui in the confined-inertial regime is derived from the balance be-
tween capillary force 2γD and inertial force Fi, which results in Ui =
√
2γ/(ρh). This
velocity is the same with that in the nonconfined 3D case including the numerical coeffi-
cient, i.e., Ui = UC .
The confined-inertial bursting predicted above can be observed in experiment for Re ≫
1 (see Fig. 4, in which Re ∼ 20). In Fig. 4(a), the expanding hole grows at first with
maintaining the circular shape as in the case of the nonconfined 3D film and then changes
its shape to the quasi-rectangular one, but the bursting speed is unchanged throughout
bursting as shown in Fig. 4(b). This observation is consistent with the above prediction
in the following manner. First, the observed initial 3D bursting is in the inertial regime
because, if a bursting proceeds at a constant speed for a 3D film, the bursting velocity
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is UC , as we mentioned in the second introductory paragraph. Second, since Re ≫ 1 is
satisfied, the observed rectangular bursting is expected to be in the confined-inertial regime
and thus proceeds with the velocity Ui, which is observed to be equal to the nonconfined-
inertial velocity UC , as predicted. Finally, the rim growth, which we suppose in the deviation
of Ui, is consistent with experimental observation. This is because, at the bursting tip drop
generation can be seen, which is caused by fragmentation of an amply growned rim into
small droplets (see SM movie 3 [35]).
Discussion.— At very short times after the nucleation of an initial hole for bursting
before the confined-viscous regime sets in, the film seems to rupture at a velocity dozens
times higher than Uη. If we could capture this initial stage of bursting, we would see
the change in the shape of the expanding hole from circular (nonconfined 3D) to quasi-
rectangular (confined quasi-2D) in the viscous regime as observed in the inertial bursting.
However, this ultrafast regime is difficult to capture and requires a separate study. This is
because the control of the point where bursting starts is technically difficult and the time
scales for the ultrafast initial regime and the viscous regime are extremely different.
In Ref. [37], the authors confined a film between two needles and punctured the film by
another needle to measure the bursting velocity and reported a bursting velocity different
from ours. This difference may originate from difference between the needle and Hele-Shaw
geometries and/or significant difference in characteristic length scales of the two experiments.
The present work could make a significant contribution to the field of bursting film in air,
given that only a few scaling regimes have been known despite the long history of research.
For example, this work provides fundamentally important knowledge for understanding the
dynamics of foams in general [33]. Controlling the rim growth with the aid of Eq. (1)
may also be useful for environmental problems or industrial applications associated with
generation of droplets [19, 20, 38]. Furthermore, Eq. (1) and the remarkable invariance of
the bursting speed (Ui = UC) at the 3D to quasi-2D crossover in the inertial regime could
be useful for measuring the thickness of confined liquid film in a wide range from micron-
to nanometer-scales.
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FIG. 1. (a) Experimental setup. (b) Dynamics of a bubble in the cell well before the film bursting
starts. (c) Image sequence of a bubble bursting. (d) Magnified snapshots of a bursting tip taken
at a fixed time interval. The tip position r is measured from the position in a certain reference
snapshot. (e) Bursting tip position r vs. time t obtained from films with different thickness h (D =
0.97 mm, η = 9.7 Pa·s). The shapes of tips in (c) and (d) look different because focus points of
photograph are different.
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FIG. 2. (a) Example images for analysis of the flow inside the film by adding a small number
of particles to oil (D =1.0 mm, η = 4.8 Pa·s, h = 44 µm). The thick vertical arrows indicate
the horizontal position of the particle in question. (b) The velocity v normalized by the bursting
velocity V vs. distance from the tip x (D =1.0 mm, η = 4.8 Pa·s, h = 44 µm), obtained by
the velocity change of a single particle. inset: semilogarithmic plot of the same data showing an
exponential decay of v. (c) Decay length L vs. cell thickness D. Each point shows the average of
four data and error bars indicate maximum and minimum values. Straight line shows L = k1D
with k1 = 0.409± 0.026. (d) Radius of curvature at the bursting tip R vs. thickness h on a log-log
scale. The straight line shows R = k2h with k2 = 2.18 ± 0.05.
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FIG. 3. (a) Bursting velocity V vs. film thickness h. (b) Normalized velocity ηV/γ vs. normalized
thickness D/h.
FIG. 4. (a) Sequential images of a bursting bubble taken from above (D = 6 mm, η =0.0965 Pa
s). The vertical arrows in the first shot indicate the nucleation point of bursting. The horizontal
yellow arrows define the half width of the hole w. The small bubble observed at the center of
each snapshot is irrelevant to the bursting in question. (b) Half width of the hole w (indicated
by horizontal arrows in snapshots) vs. time t. The constant velocity (≃26.1 m/s) is maintained
during the change in the hole shape from circular to rectangular ones at t = 0.0729 ms, indicated
by the dashed line. This dimensional crossover occurs before w becomes D/2, because films exist
on the side walls; the hole size in the direction of cell thickness never reaches D/2.
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